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Abstract

W
 and Z
 production in �pp collisions at
p
s = 1:8TeV have been

studied by the CDF and D� collaborations. Direct measurements of

the WW
 couplings and limits on the ZZ
 couplings based on the

study of �pp ! `�
 +X and �pp ! ``
 +X events, respectively, from

the 1992-1993 and �rst part of the 1994 runs of the Fermilab Tevatron

Collider are presented here.



Introduction

The measurement of the self-interactions of the electro-weak gauge bosons
(
, W and Z) provides a crucial test of the Standard Model. Direct measure-
ments of this self-interaction are possible by studying diboson production
such as W
 and Z
.

The W
 process can be described by a general e�ective lagrangian [1]
[2] invariant under SU(2) � U(1) symmetry. This lagrangian contains four
coupling parameters, two CP-conserving �f and �f and two CP-violating ~�f
and ~�f .
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where A� = (A�y) and W � are the photon and W� �elds, respectively, and
W�� = @�W� � @�W�, F�� = @�A� � @�A�, ~F�� =

1
2
�����F

��, e is the charge

of the proton, and MW is the W mass. The terms �f ,�f ,~�f and ~�f , are
momentum dependent form factors between the photon and W �elds. They
are assumed to be of the form:

af(P
2 = ŝ; �q2 = M2

W ; q2 = 0) =
a�

(1 + ŝ

�2

W

)n
;

where a� is the anomalous parameters �� � � � 1, �, ~� and ~�, ŝ is the
square of the invariant mass of the photon and W , �W is the W form factor
scale and n = 2 for the dipole for factor. [2] The choice of n = 2 guarantees
unitarity at high energies and implies that the couplings vanish as ŝ becomes
large. The tree level Standard Model predicts �� = � = ~� = ~� = 0.

The Z
 interaction can be described by the general ZZ
 vertex function
containing a set of four couplings, two CP-conserving hZ3 and hZ4 and two
CP-violating hZ1 and hZ2 .
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[1] whereMZ is the Z mass, P and q1 are the incoming and outgoing Z four-
momenta and q2 is the four-momenta of the outgoing photon. The variables
hZi ,where i = 1� 4, are the momentum dependent form factors. Like the the
W
 case, they are assumed to be of the form:

af(P
2 = ŝ; q21 = M2

Z; q
2
2 = 0) =

hZi0

(1 + ŝ

�2

Z

)n
;

where �2
Z is the Z form factor scale and is expected to be on the order of at

least a few hundred GeV . In order to preserve unitarity are high energies:
n = 3 for hZ1;3 and n = 4 for hZ2;4. [3] The values hZi0 represent the low
energy limits ŝ = 0 of the Z
 couplings. The Standard Model predicts:
hZ10 = hZ20 = hZ30 = hZ40 = 0. (ie. the Z should not couple to the photon).

The studies of the W
 and Z
 couplings are based on �pp ! `�
 + X

and �pp! ``
 +X (` = e; �) events observed in the CDF and D� detectors.
Anomalous coupling parameters enhance the bothW
 and Z
 production at
large ŝ and thereby result in an excess of events with high transverse energy
photons (E


T ) well separated from the charged leptons.

Photon Detection at CDF and D�

The detection of photons are crucial to the study of W
 and Z
 production.
Both collaborations identify photons as isolated clusters of energy in their
respective calorimeters with: (i) large electromagnetic fraction; (ii) shower
shapes consistent with single photons and (iii) no tracks pointing at the
cluster. Table 1 summarizes the photon detection for both groups.

Both CDF and D� �nd that the photon detection e�ciency is a function
of E


T . The overall photon detection e�ciency includes terms for photon
e�ciency; the probability of not detecting the photon due to its conversion
into a e+e� pair; the probability that the photon will be rejected due to
overlap with a random track in the event and the probability that the photon
will be rejected due to random energy from the underlying event. This can be
written as �
 = �cal(E



T )�(1�Prob(
 ! ee))�(1�Prob(track overlap))�(1�

Prob(energy overlap)) The overall photon detection e�ciency is summarized
in table 2.

2



Table 1: Photon detection at CDF and D�

CDF D�

detection j�j < 1:0 j�j < 1:1

region 1:5 < j�j < 2:5

E


T > 7 GeV 10 GeV

EM fraction HAD=EM < 0:055 + 0:00045 �E(GeV) EM=Total > 0:9

Isolation
ET (0:4)�E




T

E



T

< 0:15 E(0:4)�EM(0:2)
EM(0:2)

< 0:1P
P tracks
T (0:4) < 2GeV=c

Shower Shape transverse longitudinal/transverse

No matching tracks No matching tracks

Table 2: Overall Photon Detection E�ciency

CDF D�

E

T j�j < 1:1 j�j < 1:1 1:5 < j�j < 2:5

> 25GeV 0:804 � 0:023 0:74 � 0:05 0:58 � 0:05

= 10 0:43 � 0:04 0:38 � 0:03

= 7 0:731 � 0:021
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W
 Couplings

The W
 candidate events were selected by requiring: an isolated high pT
lepton; large 6ET and an isolated photon. Table 3 summarizes the kinematic
and geometric properties of the W
 event selection.

Table 3: W
 Event Selection

CDF � 67 pb�1 D� � 14 pb�1

e�
 ��
 e�
 ��


Geometry j�ej < 1:1 j��j < 0:6 j�ej < 1:1 j��j < 1:7

1:5 < j�ej < 2:5

Kinematics Ee
T > 20 p�T > 20 Ee

T > 25 p�T > 15

(in GeV) 6ET > 20 6ET > 20 6ET > 25 6ET > 15

E


T > 7 GeV E



T > 10 GeV

�R`
 > 0:7 �R`
 > 0:7

�R`
 =
q
(��`
)2 + (��`
)2

j�
j < 1:1 j�
j < 1:1 , 1:5 < j�
j < 2:5

The backgrounds to W
 production include: W + jet events where a jet
mimics an isolated photon; Z
 events where one of the decay leptons of the
Z is not found or is mis-measured and contributes to a large value of 6 ET

and W
 events where W ! �� and � ! `���. The largest background (W +
jets) is estimated from the W + jets data using a fragmentation probability
P(jet ! \
00). This function (measured from independent data samples) is
probability that a jet will pass all photon selection cuts including isolation
and is a function of Ejet

T . The other two backgrounds are estimated from
Monte Carlo.

AW
 Monte Carlo [4] was used to generate simulated events. This Monte
Carlo program includes both W
 production and radiative decay including
interference e�ects; the events are generated to leading order and higher
order QCD e�ects are approximated a K-factor. Both CDF and D� used
the MRSD-' structure functions and simulated the pT of the W
 system
using the spectrum from the inclusive W samples. The generated events
underwent detector simulation. Table 4 summarizesW
 production for both
collaborations. One can see that both groups �nd good agreement with the
standard model for each channel and for the combined results.
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Table 4: Summary W
 production

CDF D�

preliminary preliminary

� 67 pb�1 � 14 pb�1

e�
 ��
 e�
 ��


NDATA 75 34 11 12

Bkgd 16:1 � 2:4 10:3 � 1:2 2:0 � 0:9 4:4 � 1:1

Signal 58:9 � 9:0� 2:6 23:7 � 5:9� 1:1 9:0+4:2�3:1 � 0:9 7:6+4:4�3:2 � 1:1

SM 53:5 � 6:8 21:8 � 4:3 8:2 � 1:3 7:8 � 1:4

� �BR 20:5 � 3:6 21:5 � 5:7 15:7+7:8�6:0 13:6+8:4�6:5

(E

T > 7GeV) (E


T > 10GeV)

e+ � 20:7� 2:9 � 0:7 14:8+5:9�4:6

SM 18:6 � 2:9 18:4 � 1:1

Both Experiments agree with SM

Figures 1 and 2 compare the data to the sum of the Standard Model
prediction and the estimated background in the distributions of E


T , �R`


and the cluster transverse mass. The cluster transverse mass is de�ned by
M2

CTW
= [(M2

`
 + j~P 

T + ~P `

T j
2)

1

2 + ~P �`
T ]2 � j~P 


T + ~P `
T + ~P �`

T j
2 The absence of

an excess of high ET photons precludes large deviations from the Standard
Model couplings.

Limits on WW
 anomalous couplings were evaluated by comparing the
observed photon ET distribution to the sum of the Monte Carlo signal pre-
diction plus the estimated background. The likelihood that this sum could

uctuate to the observed number of events was calculated for each ET bin us-
ing Poisson statistics. The predicted number of events was convoluted with a
Gaussian distribution to include the e�ects of systematic uncertainties. The
95% con�dence contours in �� and � are shown in �gure 3. Assuming that
only one coupling is non-zero at at a time the current limits (@95% CL) of
the CP-conserving anomalous WW
 couplings are summarized in table 5.
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Photon Transverse Energy

CDF Preliminary 1A+1B Data (67 pb-1)
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Figure 1: CDF distribution of (a) E

T , (b) �R`
 and (c) MCTW for the com-

bined electron and muon data sample. The points are the data. The dark
grey histograms represent the expected Standard Model signal plus the es-
timated background. The light grey histogram represents the background
estimate.
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Figure 2: D� distribution of (a) E

T , (b) �R`
 and (c) MCTW for the com-

bined electron and muon data sample. The points are the data. The open
histograms represents the expected Standard Model signal plus the estimated
background. The shaded histograms represents the background estimate.
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95 % CL limits
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Figure 3: Limits on CP-conserving anomalous WW
 couplings. The ellipses
represent the 95% exclusion contours. The W+W� and W
 unitarity limits
for a form factor scale �W = 1:5TeV are indicated by dotted-dashed and
dotted curves, respectively. The current limits from CDF and D� are shown
together with the previous limit from CDF
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Table 5: (95% CL) of the CP-conserving anomalous WW
 couplings

(� = 0) (�� = 0)

D� prelim. �1:6 < �� < 1:8 �0:6 < � < 0:6

CDF prelim. �1:8 < �� < 2:0 �0:7 < � < 0:6

Z
 Couplings

The Z
 candidate events were selected by requiring: two isolated high pT
leptons; and an isolated photon. Table 6 summarizes the kinematic and
geometric properties of the Z
 event selection. The backgrounds to Z


production include: Z + jet events where a jet mimics an isolated photon
and Z
 events where Z ! �� and � ! `���. The largest background (Z +
jets) is estimated from the Z + jets data using a fragmentation probability
P(jet! \
00). The other backgrounds are estimated from Monte Carlo.

The Baur and Berger Z
 Monte Carlo [3] was used to generate simu-
lated events. The generated events underwent detector simulation. Table 7
summarizes Z
 production for both collaborations. One can see that both
groups �nd good agreement with the Standard Model for each channel.

Figures 4 and 5 compare the data to the sum of the Standard Model pre-
diction and the estimated background in the distributions of E


T and `+`�


invariant mass for CDF, and E


T for D� , respectively.

Limits on ZZ
 anomalous couplings were evaluated by comparing the ob-
served photon ET distribution to the sum of the Monte Carlo signal prediction
plus the estimated background. The 95% con�dence contours in hZ30 (h

Z
10)

and hZ40 (hZ20) are shown in �gure 6. Assuming that only one coupling is
non-zero at at a time the current limits (@95% CL) of the CP-conserving
(CP-violating) anomalous ZZ
 couplings are list in table 8.

W
 Gauge Zero

Three types of processes give rise to the photon production in W events:
radiation from an initial-state quark (u-channel and t-channel), from the
W itself (s-channel) and from the charged lepton of the W decay (radiative
decay). At large photon scattering angles, ��, the u- and t- channel processes
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Photon Transverse Energy

CDF Preliminary 1A+1B Data (67 pb-1)
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Figure 4: CDF distribution of (a) E

T , (b) `

+`�
 invariant mass distribution
for the electron and muon channels combined. The points are the data. The
dark grey histograms represent the expected Standard Model signal plus the
estimated background. The light grey histograms represent the background
estimate.
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Figure 5: D� distribution of (a) E


T for the electron and muon channels

combined (Fermilab-Pub-95/042-E submitted to PRL). The histogram cor-
responds to the data, the shaded area represents the estimated background,
and the solid line shows the sum of the Standard Model prediction and the
background. The insert shows d�=dE


T folded with e�ciencies from the Stan-
dard Model and anomalous (hZ30 = 3:0) couplings. (b) E


T for the electron
channel from the 92-93 Tevatron run and the �rst part of the current run.
The points are the data and the dashed histogram is the sum of the Standard
Model prediction and the background estimate.
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Table 6: Z
 Event Selection

CDF � 67 pb�1 D� � 14 pb�1

e�
 ��
 e�
 ��


j�e1 j < 1:1 j��1 j < 0:6 j�e1;2 j < 1:1 j��1;2 j < 1:0

j�e2 j < 4:2 j��2 j < 1:2 1:5 < j�e1;2 j < 2:5

Ee1
T > 20 p

�1;2
T > 20 E

e1;2
T > 25 p

�1
T > 15

Ee2
T > 20; 15; 10 p

�2
T > 8

E


T > 7 GeV E



T > 10 GeV

�R`
 > 0:7 �R`
 > 0:7

j�
j < 1:1 j�
j < 1:1 , 1:5 < j�
j < 2:5

Table 7: Summary Z
 production

CDF D�

preliminary Fermilab-Pub-95/042-E prelim.

submitted to PRL

� 67 pb�1 � 14 pb�1 � 48 pb�1

ee
 ��
 ee
 ��
 ee


NDATA 18 13 4 2 16

Bkgd 0:9� 0:3 0:5 � 0:1 0:43 � 0:06 0:05 � 0:01 1.2

Sig 17:1 � 5:7 12:5 � 3:6 3:6+3:1�1:9 1:9+2:6�1:3 14:8+5:1�3:1

SM 16:2 � 1:8 8:7 � 0:7 2:8 � 0:4 2:3 � 0:4 11:5 � 2:4

� �BR 5:0� 1:8 7:2 � 2:1

(E

T > 7GeV)

combined 5:7� 1:4� 0:1

SM 4:8� 0:6

Both Experiments agree with SM
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ZZγ couplings 95 % CL limits
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Figure 6: Limits on CP-conserving anomalous ZZ
 couplings. The ellipses
represent the 95% exclusion contours. The ZZ
 unitarity limit for a form
factor scale �Z = 500GeV are indicated by dashed curve, respectively. The
current limits from CDF and D� are shown together with the previous limit
from CDF
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Table 8: (95% CL) of the anomalous ZZ
 couplings

[hZ40 (h
Z
20) = 0] [hZ30 (h

Z
10) = 0]

D� [6] �1:9 < hZ30 (h
Z
10) < 1:8 �0:5 < hZ40 (h

Z
20) < 0:5

CDF prelim. �1:6 < hZ30 (h
Z
10) < 1:6 �0:4 < hZ40 (h

Z
20) < 0:4

destructively interfere with the s-channel process. �� is de�ned as the angle
between the photon and the incoming quark in the W
 rest frame. This
results in a radiation amplitude zero [5] in the W�
 di�erential cross section
d�=d cos �� at cos �� = �1

3
. The radiative decay process is considered a

background to W
 production.
In order to determine the W
 rest frame, the four-momentum of the �

from W ! `� must be determined. This is accomplished by mass constrain-
ing (M`� = MW ) to determine the � four-momentum; giving two possible
solutions. Since the W is highly polarized at the Tevatron, 73% of the time
one can choose correct solution of the � four-momentum. The p�z is chosen
by:

PZ(�) =

8<
: min(PZ1

; PZ2
) for W�


max(PZ1
; PZ2

) for W+


The radiative decay process is suppressed by: 1) making a stringent �R
cut - �R > 1:5 and 2) M(`; 
; �) 6= MW . Table 9 shows the e�ect of
these two cuts on a sample of W
 events from CDF. Figure 7 shows the
cos �� distributions of CDF data and Standard Model predictions for the
loose (�R > 0:7) and tight cuts (�R > 1:5 andM(`; 
; �) 6= MW ). The
cos �� distributins in �gure 7 are charge signed. This means that cos �� values
for W+ are \
ipped" about cos �� = 0; this allows the values of cos �� for
both W+ and W� to be plotted on the same horizontal axis.

Conclusion

The CDF and D� collaborations have studied W
 and Z
 production atp
s = 1:8 TeV in the electron and muon channels. The observed photon

ET spectra agree well with the Standard Model predictions, yielding limits
on anomalous WW
 and ZZ
 couplings. In addition there is a hint of a
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CDF Preliminary Run 1a+1b (44 pb-1)
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Figure 7: CDF distribution of (a) cos �� for the loose cuts (�R > 0:7) [open
histogram] and the tight cuts (�R > 1:5 and M(`; 
; �) 6= MW ) [shaded
histogram] (b) cos ��, where the points are the data and the open histogram
is the sum of the Standard Model prediction and the background estimate.
The shaded histogram is the background estimate.
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Table 9: CDF W
 Gauge Zero

W
 events CDF preliminary (� 44 pb�1)

M(`; �) =MW

0:7 < �R < 1:5 �R > 1:5

M(`; �; 
) = MW 25 13

M(`; �; 
) 6= MW 9 17

gauge zero in W
 events. CDF and D� will continue to make signi�cant
contributions to Tri-Boson coupling measurements.
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